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Introduction
The dihydropyridyl unit 1 is prevalent in both biological 2 and medicinal chemistry 3 as a transfer hydrogenation (reduction) agent. In the former case this takes the form of naturally occurring nicotinamide adenine dinucleotide (NADH) or its phosphorylated derivative NADPH (figure 1), which act as cofactors for mediating redox processes such as photosynthesis. In the latter case, Hantzsch esters (figure 1) can be utilized as calcium antagonists to treat hypertension (high blood pressure). Dihydropyridyl units have also been comprehensively studied in organic chemistry for asymmetric transfer hydrogenation purposes 4 as well as for pyridine functionalization. The driving force behind the utility of dihydropyridyl systems is the rearomatization of the ring to give an aromatic pyridine derivative. In both of the cases depicted in figure 1 the reactive species has been identified as the 1,4-dihydropyridyl isomer.
Closely related to this work, the N-metallo dihydropyridyls, with greater negative charge, would appear to be ideal hydrometallation reagents operating under the same principles with a rearomatization engine driving their reductive capability. This logic has indeed been proved correct with for example Lansbury's reagent, 6 to the 1,2-isomer. 12 1-Metallo-1,2-dihydropyridines have been implicated as the active intermediates in the metal catalyzed 1,2-hydroboration of pyridine, 13 while the presence of a metal salt such as a zinc or magnesium dihalide is known to activate the reduction of unactivated ketones and aldehydes by 1-methyl-1,4-dihydropyridines.
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Figure 2
ChemDRAW representation of molecular structure of Lansbury's reagent and general synthetic protocol for preparation of 1-lithio-2-butyl-1,2-dihydropyridines
The addition of metal-carbon bonds to pyridines gives either the 1,2-or 1,4-addition product (e.g., organoanion = allyl, M = K; 15 K/Zn; 15 Ca; 16 Al 17 ) . Steric blocking at the 2 and 6 positions of the pyridine ring for example with imino substituents, does not necessarily promote 1,4 addition. 18 A ring substituent may be susceptible to deprotonative attack if it contains hydrogen atoms which are sufficiently inductively acidified by the pyridyl ring, for example a methyl group, as in picoline. 16, 19 Recently, we revisited the well known 1,2-nucleophilic addition reaction of alkyl lithium reagents to pyridine, 20 albeit by employing a stoichiometric volume of pyridine rather than the typical excess (figure 2, bottom). 21 This new approach allowed us to isolate and characterize some pure 1-lithio-2-alkyl-1,2-dihydropyridine intermediates), normally utilized in situ for the purpose of pyridine functionalization, which somewhat surprisingly were thermally robust and in the case of the t-butyl example 2-tBuC5H5NLi (1t) was hexane soluble. This solubility, which was attributed to the steric effect of the t-butyl arm alpha to the N-Li bond and its consequent molecular constitution since in contrast the n-butyl isomer 2-nBuC5H5NLi (1n) is a hexane-insoluble polymer, makes it an excellent LiH surrogate complex, as exemplified by its hydrolithiation of benzophenone.
22 Practical soluble sources of alkali-metal hydrides are coveted with only a select few examples reported.
23
Furthermore it was possible to characterize this 1,2-dihydropyridyl complex crystallographically as a monomer, presumably a more reactive form than an aggregated type, by coordinatively saturating the lithium with a polydentate neutral donor in 2-tBuC5H5NLi·Me6TREN, 1t·Me6TREN. We have now extended this work here to look at both cheaper, commercially available polydentate donors for similar monomer stabilization and also synthetically safer alkyl lithium reagents in the pursuit of alternative soluble sources of lithium hydride. Their solubility, thermal robustness and utility as hydrolithiation reagents have been appraised. The importance of utilizing stoichiometric pyridine in the pursuit of a 1,2-dihydropyridyl complex is also emphasized by our findings. All complexes have been compared in solution by multinuclear NMR spectroscopy and in the solid state by X-ray crystallography where possible, while a theoretical study of the trimeric complex 1t has also been carried out.
Results and Discussion
Donor stabilized monomers of 1-lithio-2-t-butyl-1,2-dihydropyridine
Noting the incomplete  3 coordination of tetradentate Me6TREN to lithium in 1t·Me6TREN, we began by studying more readily available tridentate ligands in its place for oligomer to monomer deaggregation and stabilization. Although Me6TREN has a proven record for stabilizing sensitive monomers, 24 it is time-consuming to prepare and expensive to purchase commercially (£111/mL), 25 meaning that a commercially available, cheaper alternative would be more practical and economical.
To explore this possibility experimentally, equimolar amounts of commercially available PMDETA (N,N,N',N'',N''-pentamethyldiethylenetriamine, 24p/mL) 25 and Me4AEE (bis- [2-(N,N-dimethylamino) ethyl]ether, 23p/mL) 25 were introduced to a yellow hexane solution of 1t and cooled in a freezer to afford crystalline complexes identified by X-ray crystallographic analyses as monomeric 2-tBuC5H5NLi·PMDETA (1t·PMDETA) and 2-tBuC5H5NLi·Me4AEE (1t·Me4AEE) respectively (figure 3).
Only the former crystal structure determination was of sufficient quality to discuss bond parameters although the latter unambiguously confirms the molecular connectivity and oligomerization state. In each case the structure is mononuclear, with the tBu group and one donor atom lying below the plane of the pyridyl ring and the other two donor atoms lying above to minimize steric repulsion (see figure 2 , right hand side).
Figure 3 Molecular structure of 2-tBuC5H5NLi·PMDETA (1t·PMDETA, top) and bottom) . Ellipsoids are displayed at 50%
probability and all hydrogen atoms except that on the saturated C5 of the dihydropyridyl ring are omitted for clarity. we were unable to infer whether the dimer adopts a cisoid or transoid conformation with respect to the two tBu groups (that is C2v or C2h symmetry) in the manner described previously by Harder. 28 In the absence of a solid state structure for 1t·TMEDA, we turned to a We considered a second hypothesis for this DOSY result, namely that a complex of formula 2·TMEDA is present in solution, that is an asymmetric structure in which only one of the lithium cations is solvated by TMEDA (such a complex would have a molecular weight of 402, much closer to the experimentally determined MWDOSY, < 5% error). Asymmetrically mono-solvated dinuclear alkalimetal amides have been crystallographically characterized previously, for example the THF-solvated sodium 1,1,1,3,3,3-hexamethyldisilazide 32 or the TMEDA-solvated heterometallic lithium/sodium 2,2,6,6-tetramethylpiperidide. 33 However, we consider this reduced solvation to be unlikely in this instance since the tBuC5H5N:TMEDA ratio is unity as determined by integration of the 1 H NMR spectrum. 37 Because of the tetrahedral nature of the nitrogen atoms we modeled two distinct ring types, namely those with the tBu groups on the same side of the ring (type A, figure 5a) or those with two on one side and one on the other (type B, figure 5a ). The calculations revealed that the dihydropyridyl rings did not lie perfectly perpendicular to the Li3N3 plane but rather tilted towards one of the neighboring lithium atoms due to a slight interaction of the electron density with the Lewis acidic lithium neighbor. This resulted in a shorter (-bonded) neighbor and a longer (-bonded) neighbor (illustrated through single and dashed lines respectively in figure   5b ) giving axial chirality and meaning that the S,S,S system (entry 1) is not the same as the R,R,R system (entry 4) as might have been thought originally. Table 3 summarizes the findings of this study. and longer () Li-dihydropyridyl interaction (tBu groups and H atoms have been omitted for clarity); c) cyclic structure with butyl groups included to emphasise difference between R,R,R and S,S,S enantiomers due to axial chirality. The study showed that the approximately C3 symmetric structure (entry 1 in table 3, for full structural parameters see SI) was the lowest energy conformation. Crucially however, it showed that all twelve modeled structures came within 5 kcal mol -1 of each other and indeed nine of the remaining eleven were less than 3 kcal mol -1 higher in energy than the energy minimum, entry 1. This narrow range of energies for the different conformations suggests the possibility that multiple conformations might be present in a sample and can potentially also explain why single crystals of the trimeric complex 1t (or indeed 2-sBuC5H5NLi, 1s, vide infra) cannot be obtained.
Theoretical calculations on oligomeric 2-tBuC5H5NLi
Searching for an alternative hexane soluble 1-lithio-2-alkyl-1,2-dihydropyridine
In order to minimize the usage of highly pyrophoric t-butyllithium in the laboratory, our next aim was to ascertain whether an equally reactive congener of 1t could be prepared using an alternative but less pyrophoric alkyl lithium reagent. 38 Given that the n-butyl adduct 1n is hexane insoluble (and presumably polymeric) we immediately ruled out other straight chain alkyl groups such as those from commercially available methyl-or ethyllithium. The good solubility of complex 1t
was attributed to the steric effects of the t-butyl group inhibiting polymerization and so we logically considered the branched i-and s-butyl isomers. Like the n-butyl derivative, the i-butyl complex 2-iBuC5H5NLi 1i precipitated from solution almost immediately, even under dilute conditions, implying that a polymeric complex akin to 1n was being produced. will be available to solvate the lithium centre of 1s, reducing its oligomerization to first dimeric (similar to complex 1t·TMEDA) and then to monomeric (similar to complex 1t·PMDETA) as its relative concentration increases.
To ascertain the aggregation state of 1s in solution, we again turned to 1 H DOSY NMR spectroscopy. Unfortunately, due to the conversion of 1s to 2-s-butylpyridine it 
Assessing the importance of pyridine stoichiometry
Finally, we carried out the reaction of pyridine with nBuLi in the presence of These crystals were identified via X-ray crystallography to be the non-alkylated 1-lithio-1,4-dihydropyridine complex H6C5NLi·Me6TREN, 2 (figure 9), that is the expected "added" n-butyl ligand has been replaced by a hydride anion. Unlike the 2-alkyl-1,2-dihydropyridyl complexes mentioned thus far (1t·donor), 2 is insoluble in aliphatic cyclohexane and thus its NMR spectra were collected in C6D6
solution. These spectra confirm that mirroring the molecular structure, the dihydropyridyl anion is in its 1,4 isomeric form and not the 1,2. Specifically, there are only three dihydropyridyl resonances of equal intensity (located at 6.50, 4.58 and 4.36 ppm), consistent with a symmetric, non-aromatic 1,4 isomer.
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C and 7 Li NMR spectra corroborated this regiochemistry. Although the isolated yield of 2 was low, a 1 H NMR spectrum of the filtrate confirmed that this was the exclusive lithiumcontaining product, with no evidence of a 1,2 isomer. The by-product, 2-nbutylpyridine was also clearly present along with some free uncoordinated Me6TREN.
Conclusions
This study has advanced the chemistry of 1-lithio-2-alkyl-1,2-dihydropyridines. The key to this progress has been to use stoichiometric amounts of pyridine in reactions with alkyllithium compounds as opposed to the more common usage of excess pyridine. Three new crystalline complexes have emerged from this study in the 1,2-alkyl complexes 2-tBuC5H5NLi·PMDETA (1t·PMDETA) and 2-tBuC5H5NLi·Me4AEE (1t·Me4AEE) both of which show these kinetic intermediates can be stabilized in monomeric form using polydentate donor supports, as well as the non-alkyl complex 1,4-H6C5NLi·Me6TREN, 2, which demonstrate that 1,2-alkyl isomers can react with any available excess pyridine to generate thermodynamic lithio 1,4-dihydropyridines and 2-alkylpyridine byproducts. The study also brings to the fore the subtle effect the alkyl substituent can have on the solubility of the complex, with the t-butyl and s-butyl isomers showing excellent solubility in aliphatic hydrocarbon solvents; whereas the n-butyl and i-butyl isomers are essentially insoluble. These differences appear to reflect the different aggregation states involved with the former pair molecular and the latter pair probably polymeric. Though the hydrolithiation properties of these new isolated lithio dihydropyridines have been touched upon here, the fact that these complexes are easily synthesized and (some) exhibit excellent solubility, suggest their application as transporters of molecular LiH will increase in the future.
Experimental
General experimental
All reactions and manipulations were carried out under a protective dry argon atmosphere using standard Schlenk techniques. Products were isolated and NMR samples pre-prepared in an argon-filled glove box. Hexane and THF were dried by heating to reflux over sodium-benzophenone and distilled under nitrogen prior to use.
Me6TREN was prepared according to a literature method. 43 TMEDA, Me4AEE and PMDETA were distilled over CaH2 and stored over 4 Å molecular sieves prior to use.
Pyridine (anhydrous, 99.8%), benzophenone, nBuLi (1.6 M in hexanes), iBuLi (1.7 M in heptane), sBuLi (1.4 M in cyclohexane), and tBuLi (1.7 M in pentane) were purchased from Aldrich and used as received. NMR spectra were recorded on a
Bruker AVANCE 400 NMR spectrometer, operating at 400. C spectra were referenced to the appropriate solvent signal and 7 Li spectra were referenced against LiCl in D2O at 0.00 ppm. Elemental analyses were carried out on a
Perkin-Elmer 2400 elemental analyser. Satisfactory elemental analyses could not be obtained for 1s (due to its high reactivity and conversion into s-butylpyridine and LiH, vide supra), 1i (presumably as a result of its sensitive nature) and 2 (which is predominantly an oil). 1 H NMR spectra of all new complexes are therefore provided in the SI as an alternative proof of purity.
DOSY NMR Spectroscopy
Diffusion-Ordered Spectroscopy (DOSY) NMR experiments were performed on a Bruker AVANCE 400 NMR spectrometer operating at 400.13 MHz for proton resonance under TopSpin (version 2.0, Bruker Biospin, Karslruhe) and equipped with a BBFO-z-atm probe with actively shielded z-gradient coil capable of delivering a maximum gradient strength of 54 Gcm -1 . Diffusion-ordered NMR data were acquired using the Bruker pulse program dstegp3s employing a double stimulated echo with three spoiling gradients. Sine-shaped gradient pulses were used with a duration of 4 ms together with a diffusion period of 100 ms. Gradient recovery delays of 200 s followed the application of each gradient pulse. Data were systematically accumulated by linearly varying the diffusion encoding gradients over a range of 2% to 95% of maximum for 64 gradient increment values. The signal decay dimension on the pseudo-2D data was generated by Fourier transformation of the time-domain data.
DOSY plots were generated by use of the DOSY processing module of TopSpin.
Parameters were optimized empirically to find the best quality of data for presentation purposes. Diffusion coefficients were calculated by fitting intensity data to the 
X-ray crystallography
Crystallographic data were collected on Oxford Diffraction instruments with Mo or Cu K radiation. Structures were solved using SHELXS-97, 44 while refinement was carried out on F 2 against all independent reflections by the full-matrix least-squares method using the SHELXL-97 program. 44 All non-hydrogen atoms were refined using Synthesis of 2-iBu(C5H5N)Li (1i) Pyridine (0.40 mL, 5 mmol) was added to a Schlenk flask containing hexane (10 mL).
iBuLi (3.12 mL, 1.6 M in hexane, 5 mmol) was added via syringe, giving a yellow solution. A pale yellow precipitate formed almost immediately after the addition of iBuLi which was filtered and collected (yield 0.66 g, 4.62 mmol, 92 %). 
